Objective Increased weight gain has been reported prior to disease onset (accelerator hypothesis) and as a side effect of intensified insulin therapy in type 1 diabetes (T1D). Paediatric studies are complicated by the age-dependency and gender-dependency of BMI, and also by a trend towards obesity in the general population. The aim of this study was to evaluate factors related to the increase in BMI during the course of diabetes in children and adolescents with T1D in a large multicentre survey. Design Within the DPV database (Diabetespatienten Verlaufsdokumentation) a standardised, prospective, computer-based documentation programme, data of 53 108 patients with T1D, aged <20 years, were recorded in 248 centres. 12 774 patients (53% male, mean age 13.4±3.9, mean diabetes duration 4.7 ±3.0 years and mean age at diabetes onset 8.7 ±4.0 years) were included in this analysis. Populationbased German reference data were used to calculate BMI-SDS and define overweight and obesity. Results 12.5% of T1D patients were overweight and 2.8% were obese. Multiple longitudinal regression analysis revealed that female gender, low BMI at diabetes onset, intensified insulin therapy and higher insulin dose, as well as pubertal diabetes onset, long diabetes duration and onset in earlier calendar years among girls, were related to higher BMI-SDS increase during the course of diabetes ( p<0.01; all). Conclusions Intensified insulin regimen is associated with weight gain during T1D treatment, in addition to demographic variables. Optimisation of diabetes management, especially in females, might limit weight gain in order to reduce overweight and obesity together with comorbidities among paediatric T1D patients.
INTRODUCTION
An increasing prevalence of obesity among youth has been demonstrated across all age groups and ethnicities. [1] [2] [3] Information about the prevalence of overweight and obesity as well as risk factors for obesity in children with type 1diabetes (T1D) is limited and inconsistent. Furthermore, paediatric studies are complicated by the age-dependence and gender-dependence of BMI, and also by a trend towards obesity in the general population during recent years in many countries.
Weight gain has been reported to occur prior to disease onset of T1D, as the accelerator hypothesis predicts in a population with increasing weight a decreasing age at onset of diabetes, and a higher BMI-SDS in the youngest children. 4 5 Furthermore, several studies have shown a tendency for a greater increase of weight compared with height in children with T1D as they move to puberty. 6 7 Regarding body composition, studies have demonstrated a progressive increase in body fat mass, particularly in girls. 6 8 The increase of weight, BMI and body fat in children and adolescents with T1D appear to be side effects of intensified insulin treatment, and seem to be related to insulin dose and number of daily injections. 6 9 As obesity in T1D has important medical, psychological, and social implications for patients, the aim of this study was to evaluate predictors for increasing BMI in children and adolescents with T1D during the course of diabetes in a large multicentre study using data from the DPV (Diabetes Patienten Verlaufsdokumentation/multicentre
What is already known on this topic
The increasing prevalence of overweight and obesity and associated risk factors among youth are major global health problems. As children and adolescents with T1D are also at increased risk to develop overweight and obesity, weight gain is an important aspect in the care of children and adolescents with T1D.
What this study adds
In the present study, we identified risk factors for the increase in BMI during the course of diabetes. Female gender, low BMI at diabetes onset, intensified insulin therapy and higher insulin dose, as well as pubertal diabetes onset, long diabetes duration and onset in earlier calendar years in girls were related to higher BMI-SDS increase. Since there are some modifiable risk factors, physicians should consider these factors in their treatment regimens and educational programmes.
electronic diabetes patient documentation used in diabetes centres in Austria and Germany) database.
RESEARCH, DESIGN AND METHODS
Based on the continuous diabetes data acquisition system for prospective surveillance (DPV), an observational multicentre survey was designed. Participating centres enter data about their patients at diabetes onset or at the time-point when the patient moves to the participating centre. Follow-up data are entered into the database at each visit. Anonymous longitudinal data are transmitted for central validation and analysis twice yearly.
Inconsistent data are reported back to the centres for correction and then re-entered into the database. 10 According to the guidelines of the German Diabetes Association, all centres are requested to document weight, height, blood pressure, insulin treatment (number of injections per day or pump therapy), and HbA1c levels at least once every 6 months.
From January 1995 to March 2011, data from 53 108 children and adolescents with type 1 diabetes mellitus under the age of 20 years, who were treated in 248 diabetes centres from Germany (n=235) and Austria (n=13), were collected within the DPV initiative.
Inclusion criteria for the present analysis were: T1D for more than 6 months, documented BMI at diabetes onset (median of BMI measured during the first 3 months to correct for weight loss due to dehydration and metabolic decompensation prior to diagnosis) and documented BMI and insulin therapy during follow-up, and negative antibody screening for coeliac disease. Furthermore, patients with migration background (at least one parent born outside of Germany or Austria) were excluded, because the German/Austrian BMI reference data cannot be applied. For each patient, time-dependent data were averaged by year of diabetes duration prior to analysis; 12 774 patients with a total of 54 471 patient-years documented fulfilled these criteria and were included into the analysis (figure 1).
Insulin therapy was categorised as conventional therapy (CT) (one to three daily injection time-points), MDI (four or more injection time-points per day), or CSII.
Patients were classified into four groups according to age at diagnosis (0-<5 years, 5-<10 years, 10-<15 years, 15-20 years) and according to diabetes duration (<2 years, 2-<5 years, 5-<10 years, ≥10 years). Because of the possible influence of the honeymoon period, we decided to define a group with 6 months to 2 years duration, a group with diabetes duration 2-5 years and, thereafter, we choose 5-year intervals.
Demographic data
BMI was derived from weight in kilograms divided by squared height in metres. Age and sex-specific BMI-reference values of 17 641 children and adolescents from the population based German KIGGS study (Kinder-und Jugend-Gesundheitssurvey) were used to calculate BMI-SDS values by applying the LMS method (Box-Cox-Transformation according to Cole et al). 11 12 Based on German AGA (Working group on adiposity in children and adolescents) criteria, overweight was defined as BMI between the 90th and 97th centile of the reference cohort, and obesity was defined as BMI above the 97th centile. 11 For descriptive analysis, weight change was defined as the difference between BMI-SDS at last follow-up, and baseline BMI-SDS.
Glycaemic control
HbA1c was measured as a marker of glycaemic control. To correct for different laboratory methods, HbA1c levels were mathematically standardised to the Diabetes Control and Complications Trial (DCCT) reference range of 4.05-6.05% (21-43 mmol/mol) using the MOM (multiple of the mean) transformation. 13 
Statistical methods
Descriptive statistics (median, lower and upper quartile, percentage) were calculated.
To assess predictors of weight change during the course of diabetes, we performed longitudinal regression analysis with BMI-SDS as dependent variable adjusting for baseline BMI-SDS. In detail, linear mixed longitudinal regression models were applied using a repeated measurement design with a compoundsymmetry covariance structure for BMI-SDS in order to account for within-patient dependency of the outcome. First, we performed 'univariable' longitudinal regression for each potential influencing factor adjusting for onset-BMI-SDS. Then we build a first multivariable longitudinal model including all effects and interaction terms of these with sex. Subsequently, all effects significant in this multivariable model were included in a final model to estimate effects sizes on BMI-SDS. Age at onset, diabetes duration, sex, therapy regimen (1-2, 3, 4 or more daily injections, continuous subcutaneous insulin infusion (CSII)), daily insulin dose (IU per kg bodyweight), use of short-acting or long-acting analogues, baseline BMI-SDS and year of manifestation were included as fixed effects. In all models, treatment centre was included as a random effect in order to adjust for between-centre variation. Estimates of effect sizes (regression coefficients) with 95% CIs and respective Wald and F-tests were used to assess the importance of predictors (table 2) . Further, results are presented as adjusted means (least squares means) ( p values) (figure 2). Multivariable adjusted means for fixed effects were estimated using observed marginal frequencies for categorical variables (age at onset, diabetes duration, sex and insulin regimen, use of regular insulin), a daily insulin dose of 0.8 IU/kg, BMI-SDS at onset of 0.2, and diabetes diagnosis in the year 2000). CIs of adjusted means and comparisons between categories for fixed effects (p values and CIs) were adjusted for multiple comparisons according to Bonferroni or Tukey, respectively, when three or more categories were present. A two-sided p value less than 0.05 was considered statistically significant.
Data were analysed using the SAS software (V.9.4; SAS Institute, Cary, North Carolina, USA). Figure 1 Patient selection from the database.
RESULTS

Baseline characteristics
Data from 54 471 documented patient-years of 12 774 patients (53% male) who fulfilled the inclusion criteria were analysed. Mean duration of follow-up (corresponding to current diabetes duration) was 4.7±3.0 years. At the end of follow-up, 12.5% were overweight and 2.8% were classified as obese. Demographic data for the study group and each sex are summarised in table 1.
Predictors of BMI change during the course of diabetes
Results of the univariable longitudinal regression model demonstrate, that BMI-SDS increase was significantly related to female gender, age at diabetes onset, diabetes duration, intensified insulin therapy (≥4 injection time-points or CSII), higher insulin dose, low BMI-SDS at diabetes onset, the use of short-acting and long-acting (inverse association) insulin analogues (p<0.001, all except long-acting insulin, p=0.004) (table 2) .
After simultaneously including all effects and interaction terms of these with sex in a first multivariable longitudinal regression model, the main effects sex, age at onset, diabetes duration, insulin regimen, insulin dose, BMI-SDS at onset, use of shortacting analogues (<0.001, all), use of long-acting analogues (p=0.001) and calendar year at diabetes onset ( p=0.004), and the interactions of sex with age at onset, diabetes duration, calendar year, and use of insulin analogues (<0.001, all) remained significant, as well as the interaction term of insulin dose and sex (p=0.035)), and were included in the final multivariable model to estimate adjusted effect sizes (table 2) .
Results of the final model confirmed that sex, age at onset, diabetes duration, insulin regimen, BMI-SDS at onset, insulin dose, calendar year (only in females) as well as use of shortacting (only in females) and long-acting analogues (only in males) were significant predictors of weight gain.
BMI-SDS was significantly higher in females (table 2) .
Comparing the four age groups at diabetes onset, we found that the increase in BMI-SDS was highest in females in the age group 10-<15 years compared to the age groups 15-20 years, 5-<10 years and <5 years ( p=0.232, <0.001, <0.001). Further, weight gain among females in the group 5-<10 years was significantly lower compared to the groups <5 years (p<0.001) and 10-<15 ( p<0.001) (table 2, figure 2A ). Among males, weight gain was significantly higher in the group with diabetes onset <5 years compared with all other groups (p<0.001, all). Further, weight gain in the onset group 15-20 years was significantly lower than in males with onset in the ages 10-<15 years ( p=0.039).
Comparing the four groups of diabetes duration, results showed that weight gain in males was significantly higher in the groups <2 and 2-<5 years compared to the other duration groups ( p<0.001, all). There was no difference between <2 and 2-<5 years diabetes duration ( p=0.572), weight gain in the group with 10-<15 years duration was significantly higher than in the group ≥10 years (p<0.001) (table 2, figure 2B) .
In females, weight gain was highest in the group ≥10 years diabetes duration, and the differences were significant between all groups (<0.001, all), with the exception that we found no difference between the group 2-<5 and 5-<10 years (p=0.988).
Weight gain was highest in patients with pump therapy, independently of sex (table 2, figure 2C ). BMI-SDS increase in this group was significantly higher than in patients with three injections ( p<0.001) or two injections ( p=0.029), but there was no difference between pump therapy and ≥4 injections ( p=0.463). Furthermore, patients with intensified injection therapy (≥4 injections) showed a significant higher weight gain compared to patients with three injections ( p<0.001). Increase in BMI-SDS did not significantly differ between the group with 1-2 injections daily and the group with three daily injections) (p=0.367).
Low BMI-SDS at baseline and higher insulin dose was associated with a significantly higher weight gain independent of sex. Diabetes onset in earlier calendar years was associated with a higher weight gain in girls (table 2) .
CONCLUSIONS
The increasing prevalence of overweight and obesity and associated risk factors among youth are major global health problems. As children and adolescents with T1D are also at increased risk to develop overweight and obesity, weight gain is Figure 2 Adjusted mean BMI-SDS (and simultaneous 95% CIs, adjusted according to Bonferroni) according to age at diabetes onset, diabetes duration (males: light grey bars, and females: dark grey bars) and insulin therapy estimated from multivariable longitudinal regression model in table 2.
an important aspect in the care of children and adolescents with T1D. In the present study, we identified risk factors for the increase in BMI during the course of diabetes using the DPV database.
Especially girls, diagnosed with T1D at an age between 10-15 years (around puberty), with CSII, and lower BMI at diabetes onset and earlier years of manifestation increased their BMI during the course of diabetes. †Independent effects in the model: age at onset, diabetes duration, sex, insulin regimen, insulin dose, BMI-SDS at baseline, calendar years at onset, use of short-acting analogue, use of long-acting analogue and interaction terms between sex and age at onset, diabetes duration, insulin dose, calendar year at onset and use of short-acting and long-acting analogue.
‡Estimated from least squares means. §No significant difference between sexes.
The 18 years follow-up of the Pittsburgh Epidemiology of Diabetes Complications Study (EDC) performed in adults did not find any gender differences in overweight or weight gain. 14 This finding is in contrast with our study, as we found a significantly higher increase in BMI-SDS in girls compared to boys. The gender difference in BMI might be the result of a greater weight gain during puberty in girls compared to boys due to alterations in GH/IGF-1 axis in patients with T1D, the influence of sex steroids, 6 and the higher insulin resistance in girls compared to boys. 15 Puberty is, therefore, a risk factor for the increase in BMI, as our data show that diabetes onset at the age between 10 and 15 years (around puberty) was significantly associated with an increase in BMI in females.
Puberty is characterised by physiological insulin resistance, and adolescents with T1D are even more insulin resistant than healthy controls. 16 Girls accumulate more fat mass during puberty, whereas boys gain more lean body mass. 6 Girls with T1D followed longitudinally during puberty display a high BMI at Tanner stage 5, which is associated with a higher percentage of fat mass. 17 Furthermore, Codner et al 18 reported that BMI-SDS was lower for Tanner stages 1 and 3 in girls with T1D compared to healthy controls, which is in line with recently published data, 15 but throughout puberty, girls with T1D had a greater increase in BMI-SDS compared to healthy controls. 18 Thus, puberty and insulin resistance seem to be critical factors for weight gain in girls.
Intensive insulin therapy was identified as another important risk factor for the increase in BMI in our study. Although intensive insulin therapy has been shown to lower the development of microvascular and ultimately macrovascular complications in patients with T1D, 19 20 its beneficial effects may be partially offset by its weight gain-promoting properties, which are paralleled by the occurrence of obesity-associated cardio-metabolic risk factors. 21 22 There are several studies in the literature showing that a more intensive therapy (multiple daily injection therapy or CSII) leads to an increase in weight and BMI. 9 16 23 24 In our study, we also found that the intensity of insulin therapy, especially CSII, was associated with an increase in BMI-SDS, and weight gain was highest in patients with pump therapy, independent of sex.
Higher insulin dose was another risk factor for the increase in BMI, particularly in males. In our study, we found that the use of short-acting insulin analogues was associated with a higher increase in BMI in girls, but not in boys. By contrast, the use of long-acting insulin analogues was associated with a reduced gain in BMI-SDS in boys, but not in girls. Therefore, our data suggest that the number of injections, the amount of insulin and type of insulin, are driving factors for BMI increase. The reasons for this are probably the anabolic effect of insulin, as insulin itself promotes weight gain by stimulating lipogenesis, inhibiting protein catabolism and slowing basal metabolism 25 on the one hand, and on the other hand, weight gain is influenced by caloric intake.
Children with intensive insulin therapy are likely to have a more flexible lifestyle and they are experienced in adjusting insulin dose to carbohydrate consumption. Therefore, they are supposed to face less food restrictions and might take more meals with higher energy content compared to patients on CT, who are advised to eat fixed amount of carbohydrates at fixed times of the day. One would assume that the use of short-acting insulin analogues might be a risk factor for the increase in BMI, as patients are allowed to inject short-acting insulin analogues more often. However, our data confirm this assumption only in girls. The opposite might also be true: data on nutrition in T1DM are scanty, but there are studies showing that weight gain might also be influenced by high-fat diets, as youth with diabetes consumed fewer carbohydrates than matched controls to avoid injections. 26 27 The strength of our study is the multicentre approach, the long-term, standardised follow-up of a large number of children and adolescents with T1D and the use of longitudinal regression models. Furthermore, height and weight are well-standardised parameters in the DPV database, as well as insulin regimen.
Limitations of our study are that insulin doses were selfreported from patients/parents, and that we do not have data on BMI of the family members, or on daily caloric intake of the patients. Furthermore, height and weight for the reference dataset were collected within the KIGGS study during [2003] [2004] [2005] [2006] . As data from the DPV system cover the time period from 1995 to 2013, the KIGGS data cover the middle of the study period. Some overestimation or underestimation in BMI-SDS due to secular trends, however, cannot be excluded for patient data beyond 2006 or prior to 2003.
In conclusion, female gender, diabetes manifestation during puberty in girls, and intensified insulin therapy and insulin dose significantly influence the increase in BMI during the course of diabetes. Therefore, one of the aims in the care of children and adolescents with T1D is to explain these risk factors to patients and parents to avoid excessive increase in BMI, especially during puberty. Intervention programmes (eg, sport programmes) and dietary education should start early.
